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Aryabhata Power. System 


High performance, high levels of reliability and 
wer egsts are the prumary considerations In designs 
a aueuite Power systems, To proyide &® measure of 
ae cnt reliability of the power system, a reliability 
eee is performed, ‘The failure rates used are from | 
SIL ILDERIRITA. Detailed reliability daleulations 
for solar array, storage battery and power conditi- 
noing and control electronics are given. Reliability 
if curve dering’ six months Wife is drawn, Among 
ce copa iicen, (he storage battery and the electroni- 
He aie rciiaiiay of the eloctronies is the highest, 
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lopment of structure and materials for space condi- 
tions. One can envisage the cases where-in certain 
equipments units fail without: affecting the mission, 
The nature of failures and their consequences on the 
mission gout are tabulated. : 


Yt Introduction 


The power system as a subsystem in the  space- 
craft assumes perniuicut lnportance as it is cen 
fied as the sale feeder of power for the entire 
spacecraft subsystems throughout its life. In short, it 
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is the pe. wer systeut whieh brings the spaceorali pte 
life and keeps ag alive, Design of power syvstein is 
one of the cathenging problems and it has recelyed 
gyemt deal of attention sinee the advent of 


V SPALGO 
Ave, Tae problem heroes more acute in 
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quer, Baga devels af veliahility: and hawer woud, are 


ests IN Ma VOR AY, JUN 1977 


' 
. ae 
reomey 8 
cheng, wis, 
4 ai 
cate yt aes” 


the proaary considerations, In view of these factors, 
reliablity and) failme mods analysis of Aryabhata 
Power Syatem: are enrried out and conclusions are 
drawn with regard ta the possible areas of improve 
Stents in’ the system coneopts. 


Wb Aryabhata Power System 
The puwer requirements: of Arvabhata are met 
by a silicon Solar cell and Ni-Cd rechargeable 
battery systera, During the suntit portion of the 
Orbit, the solar cells power the subsystems and also 
change the hattery, The battery. comes into uction 


dering: the orbital eclipse. Tt also meets the peak 


deigands when the Power requirement exceeds the 
soar arty capability. ‘The power — conditioning 
Circuits an¢ designed fooamateh he electrical, output 
of the enerey. sources to cater to the needs of 
various subsystems, ‘Phe power outputs were avail: 
able as a th wud -t 9 volt dns vollapes with r 
regalotion better than foe... ‘the positive dis volt: 
ipes were provided directly Carearghy high Higienvy 


switching regulators whereas epative voltages WOTO 


é 
generated by DCIDC converters followed by switch: 
ing regulaters Few af the subsystems have seprrate 
common repuiitors, fi such eases protective devices 
(failsafe iinits) were incorporated to isolate the 
maonctioning® subsystems from the main Une. 

The pawer control writ provides siyoath changin 
aver of power from solar array to batlerv afd vice 
versa, switching aver between normial charge! 
(rickle charge modes and te switch olf pewer to al 
subsystems da cuse of excessive discharge from the 
hettery ‘The array voltage Timiler tikesseare of the 
step increase to array voltage ms the — satellite 
emmerees out ob the eclipse Zn, 80 a8 to protect the 
power conditioning units, “Pwo current: sensors are 
cemploved lo aneasure the solar meray current and 
battery chargetdise barge currents, 

Mig. J shows the basie featares of the Aryabhata 
Power systens, 


IW Reliahility Analysis 

To assess the inherent reliability of the power 
system, on veliability analysis is performed, The 
yeneral assumptions are: (a) all the components of 
the individual circuitsunits are considered to be 
equally important: for proper functioning, (b) the 
fleet of one component failure on the other con. 
poucnt is uel considered, 

Vhe MIL-SPECS of the componcnis used In. the 
edoulations ae given in the Tabte-2, The constant 
“fsiliare rate reliability. is caloutitead by Hos: e@ Al 

Where Woos:: the reliability 

Cos mitural doy base 

‘oo: failure vate 

tom duration im hours 
| Standard reliability calculation (echniques are used 
ta ceolate the reliability of different, series and pa: 
ralbel cironitsiumits: the reliability of the entive power 
systein is olitained by aking the reliabilities of all 
the circuits: ia series, 
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For sevics calculations _ 
RR series cha) (HG) (Ra. LL, (itn) 
lor purallel calaulations 
Ropavallel -2 To (iM) CLR) (LR). (bray 
where Ry Ue Reo. Rn are the rchinhilities of hoe 
es Ghat aie in series ov parallel, respegt. A 
vely, 


ULE Solar Generator: An exploded view of solar 

' » Le t * : ; 

panels is shown in Pig, 2 Pde prenactings Wyn the yj 
tation of the satellie to the sun the number OF par 
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Which contribute power to the sateltite viury. ) the 
PVN PERU nisesad yess oy} panels tre expases| from the ai 
rection CW) ind: henee he reliability calenlations 
are made for this case, 

Solar panel Gy pe Sty (Pig. Qi) das pot three 
strings in-cach panel with OF cells i series and 3 cells 
In pardlel Sylar panel type SP-6 has vol tluce 
Stings in cach panel with Y?-cells in series and 2 vells 
in parallel, Solar panel type SP has three straps 
In etch panel with &Q cells i series niet 5 cells in 
parallel in two strings and 4 eclls in parallel in dhe 
lost Stying, Solar pared type SP has three strings 
With UO Cells in series aah ef cedls in parallel, Salar 
panel type SUG Tras strings with 8F cells in series anil 
3 cells in’ parafled, 

The conection showe in dotted lines in Hy pes SVS, 
SP, SPS. (lig, Ob, Se) are neslecled: in the, rei 
bilitv calevedleations fey simplicity, bener the actual He: 
liability will be more than the ealcudated dhe AL 
PENDIN A wives the detailed: relabiality caleulation 
for Ue entire sober venentor, Phe reliability sith 1 
aceephible power lass of OG is OY3SLISO2, 

HB NEC Baitery: he battery cousists of 20 Ni- 
Cad cells of (ONG capacily counected in seces. The 
Important poiut is to deteanine whether the Battery, 
during its complete poned of opecition, is outside 
of the weonvut foilare be, within the chica failure; 
cousGint failite region only, 

Phe batteries ave subjected to 2740) charyerdis 
charge cycle approximately ia six anuths with uly 

i f of dischisge (ia. LONE to u.GATL). 
Mor the temperature exeurions an beard (Ar -s0°O), 
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at on starts beyond BONN cycles, for ee 
are sehurge. Henee, for the inission life 
haf efi (tery Gperates out of wearout fai- 
ee i subjected tu accidental failure, 
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| hw failure rate of cell x= 250 x 10 9h 
. Derntiny fetoy oo 0.35 | | 
© the fain rate of solderiniy conaectloe Hi COMMCE. 
: me the cells au series is assumed ta he ueplipable, 
I # VSO + ddQOw 0,35 
; ee 20% 230 4 10 _ siti 
HS Power Condition ne and control Mleetronies, 
2 ables 2 Une G show the retidatity calculations be 
- wrdus POW conditanainy wid control Blectvonies. 
Wha Pon System. Phe Pig ob shows the Arya 
tele Pawen Syston Reliahility dayran and ie 3 
= toa Reliability fall conve diaiog its sty amonths 
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“tte whith Ue reliability analysis bave been cur 
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viz, establishing reliable up and down communica, 
tion links. controlling the systems for proper huttse- 


| keeping iucluding stability by spin control, thermal 


coutrol, churige over among redundant units and de- 
veloping the structure und) the materials that can 
Withstand space conditions, 

The ‘Tub'e 6 shows the nature of failures, conse- 
gueices on the orvssion goal and on other subsystems, 


V. ta-Orbit: Perforniarice 
fi this connection, a short Sumunary of the inerbit 
performance of Aryabhata specially in relation to the 
power system behaviour is af celovaneg, The perform. 


dice of the overall Power system its evaluated from 


the availab'e data during the first one yeur in \arbit! 
is silisfactoay, ‘The pererannce of the dilfercat 
power conditiguay units has been as per the design 
calcuhutious, ‘The puwer Beucrution tram the sulur 


panels as deduced trom the date for different parts 


af the year ats well as clifkerenst temperature condi- 
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i 7 ARYABHATA POWER SYSTEM” LIABILITY DIAGRAM. 
i: ' 2 3 6 7 a: 
aC Joosers002 hi oaeseneh sosroae4h 981282 | | oaeesees5 992 sen} 
4 te 9-93814802 0-93 8476! 0:93794369 0:93794569° ‘093777359 OSSHCIBSI 095601789 092983023 
eae ee ee ee er 
on 599838606) [0999875564 _}0.999994439| | 
| __-Jo 92046769 11-10. 99999972 |7 (099982084) 7 [(0 99995778 |T (0 99898909 cecmanae 
S ee | eeeree EACH) “eace)_ || eAcH 
| cane ee eae 0:92672477 
0-9263438) «—«. 0:92834354 097684526 0:92672595 

) SOLAR ARRAY 7 pat TERY CURRENT SENSANG RESISTER - 

2 ARRAY CURRENT SENSING REMS3TER @ BATTERY 

3 VOLTAGE LIMITER 9  K- RELAY 

4 OR-GATE DIODES 10. Ka- RELAY 

§ BATTERY CHARGER iy REGULATOR (| THRU 9) 

6 POWER CONTROL UNIT 12 DC/DC CONVERTER (18 2) 


13 FAIL SAFE CIRCUITS (4 THRU 18) 


FIG~ 4 


Post facto failure analysis was carried oul to iden- 
tify the possible cause Of this failure. This included 
the eTect of corona discharge from HV converter of 
the X-ray experiment, excessive loads at the 4° OV. 
regulatar antput and worst case tests 00 the regulator 
such as maximum input voltage levels of the order of 
SOV, shot circuiting the output uct futermittant 
shorting of the regulator autpnit. : 
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As none of these could lead to the chserved on- 
board failure it was coneluded that Uie malfunction 
was due to the calustuphic failure of one of the er- 
Liew! components possibly the series pass transistor 
of the reymiator, 

The ‘Table 7 gives a summary of the Design Spect- 
fentions aul shalis of it myhut performance. 

Vi Conclusions 

Salur ARHAY: Studies cavied ont have shawn that 
relinbilily can be inyroved hy decreasing: Ue module 
size and by providing preater nuoiber of parallel cells. 

Stordpe Batlery: fu general protectionjisalation 
djodus are to be used in cell inter onnections to pt 
bigh telinbilily, Use of redundant unit is ndvisable. 
A redundant charger is recommended. 

Power Gonditionmyg and Contrel Electronics: To 
take care of chance failures, redundancy is to be me 
corporated jn the case of Regulaturs and DUG com | 
vorters, ae 

Relinbility: is af prime importance in the design 
considerations af the power system whaso succesil °, 
performance is vitnl to the snfellile mission. oe 
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AYPENDIN-A 
). Heliability cubeulations wre ude with the fol- 


ving, assuMpUous: | 

(i) Open circuits of solur cells occur ut randori 
with a Gonstuut failure rate, Phe failure rate 
wed in these culculations is 0,002 fuilers per 
tuition fours. 


-_ (i) The ey of ao short cireuit of an indi- 


vidual sulat cell is negligible ane tuken as ze 
for culculations. 
(ii) Failuce rates of tuterconnectious and redin- 
hint isulation diades are neplipibte. 

2 The suecess probability of any cell, over 6 
aidhes &s equal ti. 
AL 2X 109 

ive ¢ rg 


x 4400 ..0.9999912D 


‘de Re ce 0. 00000880 


A module with 2 cells in parallel, 

The sucess probability of the 

nodule with no failed cell = Ke? 
The success probability of the 
wodule with one failed cell 
The suceess probability of the 
module with two failed cells (1-Re)? 

ciahne ising the above cqauation, the success 
viability of the anodule with a cells in parallel 


t biaten 
a failed cells, and connecting | such modules 
Yes, 


Hy | . | 
a ~ af . Rel. (-Rey 
ae c (1--Re) ] 


ti | = , 
Lig mh Re. (Rey ; aad 


aly i CyUMition is used toy evaliaite the suceess pro. 
Muy af the five Gepes of stungts uved (lig. 2) for 
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ine ul Vilies afin, mud the results are tibulated 
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pias 7 
Prom this abie, if is clear that the success pru- 
ability of the stings with 2 or more failed cells is 
negligible, Hence Che probabil. des with no failed 
cells and one bailed coll only are cousidered in the 
follawing discussion. 

The worst case reliability: of the solar array 
when masiiin niniber of panels are exposed cin 
be written us follows: 


Res 5S iy iy | io 
iu i [.uc. (Rost2) (Rist?) | Lc, (Rost) 


hd. la iy i 
(Rist3) Poe (Rosa) (Risa) a, (Rost5) 


iy tu bed oneesnee( B) 
(Rist) ff asCi (Roste) (Risto) | 
where iQ). tinaber of strings with no failed 
cells, 
id Hither of strings wilh ouly | oie 


_| failed: cell. 

streeess probability ot no boiled wells 

al the stata type Sry. 

Ki SY2 SPL CHSS piobatality ot unity one. failed 
2 GOH ot the string Qype S12. 

Stuibuly KO SS, GUISES, ROS TH TSTE 

ROSTS, HISES, HOSTG, TESTE. 

The percentage loss in power output of the solar 
array When O, boon 3 strings hiving ouly vue failed 
cell ts culeulated as below: As the aosvluto valve of 
power loss al soba “array is not fmportaut here, it is 


KO SP2 . 


rousaiitble tooassume die power vutpul ob any otring 


to be proportional ty the lotal mumber uf ceils eanp- 


livy ecto series aac parallel connections af that striny 


Le, 
Power uutputo. KUN x BP) Watts 
Where hoa. Coustiat: of proportionality 
So. Number of series cells in a string 
Poo Number of parallel cells iu a string 


Thitis. Che powes ae af the solar array dor, 


the worst case considered above is given by 

Power output (YUN3)I2 4 (WONG) ha C8Oxk) 
Ba CRINGE OWA 12 OR Watts, 
za MYGG BK. wittls, 

Hf there is any sting dueving even one failed 
cell, then that complete sertes conmmecion of cella tis 
Unable te soppy power Vheus, dba stem has 07 
COHS dn series, J oeelly tn patattel mul hia even one 
failed cell in the senes Task, then the power loys is 
U7 Ko Watts tact similar was, (he euipat of the 
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aniay is coloutated for Q, J, 2 oF 3 strings having one 
failed cell each and are tnholated below 

Yower oulput 
(xK Walts) 


et eet Bere tte 


Number of 
strings having 
ane failed 

cell in each 


ta ee AD Og See O18 op ee pe 


Notmnlised 
pasver output 
with respect to 
all strings hav 
ing no tailed 
eulf (4%) 


ee es ey 4 RS Ay I ewes ves ates tees 


0 9050 1) 
l 9958-07 mn 
9050-80 yo 2 

9 9050-10 OH | 
050-100 OH 4 

3 ON5G-29I 97 0 
9056-240 OT 
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The power output has minimum and maxiinum 








1 
| 
a 
The fcllawing table gives the sruecess probability 


af the sehr array having Q; ty or 3 Stings with 
one fuiled voll each, calemated using eq U, 


Potul number Suceess probahi- Noroliscd Powe, 
lity 
of Solar Array 


Of strings outpul with ree. 


rn on Crs 1 poet to al Strips» A 
atch ey (iy having no failed 
is js ech ( vO ) 

37 0 “0. 915829535 “10 
3G J 0 O2QA60734 OY to 99,9 
WV O37TU154AT 
35 2 Q 99309952 99.1 to 08.4 
| OF $462 
Jt | 0. O2369970 97.0 to 97.5 


0. 928) 4892, 


a er ee © PT eet err ae fr net ee ager 








Et By oe 8 8 Py 


From the table, it can be seen that the’ success pro- 
latbility has minim and maxineim valves in each 














values in) each case as the failed cell can he in case us the cell failure can be in any one of the five 
anyone of the five types of strings. types of strings. 
TABLE- I 
S. No. COMPONENTS TYE, SECHNO- STYLE MIE-SPEG QUALITY 
: LOGY ie ani, “oda “8 ane ee ee ee ree er a as 7 tome © . — 
}. RESISTORS Low Hower Carbon Com: 
position RGR MTL-A-J8008 S 
Law Power Metal Fibo RNR NEILL 1-50 182 S 
Ligh oF Wire wound . | 
eee (W.W ) NWR MUL 3OKW7 § 
, Powe Non. W.W, 
ens Fananee I) Ni fh-R-22007 § 
2, CAPACITORS Now Volurisedl Cerone CRT MUG Soaps : 
| Neo Polnrised Silver Mica CMR MIL -C- 3001 § 
Polatised Tantalum, Solid CS. MIL-C-d9003 S 
Yolari Tantalum, non- 
piece sod is GLK ~ MIP. O 30008 S 
3, SEMICONDUCTORS — Discrete Silicon MIL-§-19500 JAN XV 
| IG Linear MIL-M-34530 JAN CLASS A 
IG Linear MIUL-STD-883 
4. RELAYS, Latching Electromag: (SL. 4754) MUL-883 
| netic Class-B 


5. INDUCTOR Power ‘Trins- 
former and 


Filtess. 
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eee enna ne nee ananem anemia 
| a ohDie Failure Derating Numberof — Effective 
qt Deset] thate buctor Components Pyiture Rate 
- prsistor’s ; vailion ms | "Q,0045 0.01 30 0.001950 
Carla Gompusiie 0. 0045 Q.d2 . l () (XKO 
| QO. UD45 (03 st 000135 
O05 > 04 2 0, QUUS 80) 
QV. Q045 Q.06 { 0 Q00225 
(0045 0.45 | (). OOHI75 
0.0044 Q). 16 1 0.000720 
Alta W.0280/ 0.02 ro 0.001120 
matentioneler 13.0000 0.01 3 0. 390000 
Sy) Capac tors | ee : 
; rrantalin sulid ve us Q). 1100) Obs 2 (0). 081400 
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System 


Se re Bg tates tengo tye . pieihmam gi fe eS RG OE Sell at tee ren a te tere te he sagt rm we te 


Battery 


( darger 


Power Control Unit: 
| i) Charge|discharge 
relay 

| ii) Emergency relay 


iit) Chargejtrickle 
relay 


2 Limiter 


Vailsafes 


Regulator 

(414 CB) 

Regulator (including 

DCG) (-M EBA) © 

Regulator (inchuid- 
"Ing DC|DC) 

(-9 CB) 

"  fepulator (49 EX) — 
7 Regulator 
= (49 CB) 


Regulator _ 

(+14 TX) 

Regulator (414 TC) 
Regulator 
4LATR OR —14 TR 
including (DC{DC) 


TABLE -6 . Le. | 


Failure modes 


Open 
Short 


Qpen 


Charge mode 
Discharge mode 
Normal mode 


Bmergency mode 


Charge mode 


Trickle charge 
mode. 


Short 
Open 


One failsafe is provided in series 
with every subsystem, the sub- 
systems themselves being loads 


In parallel to the regulator. As / 


long as the particular subsystem 
behaves properly a short circuit 
mode of failiav of the corres- 
ponding failsafe does not mat- 
ter all, When the failure is an 
ypen, subsystem simply gets 
disconnected and = draws no 
power, 

Complete failure resulting in no 
powcroutput, 

Complete 


Complete 


Complete 
Complete 
Complete 


Complete 
Complete 7 
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only in veal time mode, Also as power is cut to Trans. 


' 









: «tne emp eretrnee Peete eRe emteemen ‘ oe 

. ‘ i} = 
feels on other systems and consequences on the 
mission goal. 


Tape recorder operation change aver to redundan. 
transmitter, further spin up operation will not he 
possible, ; 

Power will be shunted to ground, Tape Recorder one 
ralion, change over (9 redundant transmitter and ee 
ther spin-tp is not possible. . . 
Isalation of storage Hattery from char iy, Tape Re. 
corder will not fimetion. “Hence satellite can work 


en 


ho 





mitter change over circuit, redundant Transmitte 
eamnot be used, Further spin up is also not possible,, 


Satellite will) work oaly during orbital day. 


Kanal lo Batlery opening (the effects of Wiis are given, 
above }. | : 
uci eve bas to he taken in draining the batury: 
which can be alectud by conunanding, 
qual to Biallery getting motated. ' 
Danger otf Batrery faire as overcharge results in 
high pressure hud up in the Battery, | 
Bauay cannot be charged in the slipulated tinie and * 
Battery gets discharged in few cycles even the drain” 
is minnnised as only experiments and ‘Tape recorder” 
an be put off. | | 
Solar arrav is shorted lo ground, tan tee 
Solar array voltage will raise dlongwith the V-I che 
racteristics of the solar array. This may result in high 
input vollages to regulators which is not expected, — 
“Other subsystems remain unaffected. LF a particu: 
Jar subsystem mishchaves (draws more current), 
a short circuit, mode of faihire resulls in culting 
the power to the subsystems which are connected . 
to the same regulittor, The redundancy provided 
in the subsystems e.g, receiver 1 & Tl (having 50° 
cause this not a one for once redundancy. | 


4 ‘ * Zz a " ae Tele: 
Experiments and both receivers inoperauve. rel 
command fink els cut off, 

experiments in operative, 


Experhnents, ENST, TM & TC inoperative hued, 
ing In uplink cut off and no data but for ‘Trans: 
mitter carrier, | 
Experiments inoperative, 7 Strate 
Receiver, FM, TC, Instrumentation He ar < 
sulting in uplink cut off and ne data bur for 1s 
carrier, | 
No down link. No radio tracking, Total failure of 
the mission. 
Command relays inoperative. No uplink. are 
Tape Recorder inoperative, only real Hime TT 
mission of data possible. 


